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New Evidence that the Hydrophobic Effect and Dispersion Are Not Major
Driving Forces for Nucleotide Base Stacking
The stacking of nucleotide bases is an enthalpically favor-
able process in aqueous solution, and it is widely accepted
that this stacking attraction contributes to the stability of
ordered DNA and RNA conformations. There has been
considerable debate, however, regarding the origin of the
stacking preference. Stacking has been attributed to the
hydrophobic effect (Crothers and Ratner, 1968; Tazawa et
al., 1980; Ts'o et al., 1969), to dispersion (i.e., the attractive
component of van der Waals interactions) (Hanlon, 1966;
Sowers et al., 1987), to polar interactions (Albergo and
Turner, 1981; Sarai et al., 1988), and to dipole-induced
dipole interactions (Bugg et al., 1971; however, see: Caillet
and Claverie, 1975). These alternatives are not exclusive; all
or any subset could operate simultaneously.
Friedman and Honig (1995) have recently reported a
computational study that was intended to identify the
sources of stacking affinity. They concluded that "nonpolar
interactions, involving the hydrophobic effect and enhance-
ment of van der Waals interactions caused by close packing,
drive stacking." Polar interactions, represented in this model
by Coulombic interactions among partial atomic charges,
were concluded to oppose stacking. These deductions are
not consistent with conclusions drawn from some experi-
mental studies. For example, Albergo and Turner (1981)
examined the effects of nonaqueous cosolvents on DNA
conformational stability, and concluded that dipolar inter-
actions between bases contributed to the stability of double
helical forms.
The computationally derived conclusions of Friedman
and Honig (1995) also appear to be inconsistent with ex-
perimental results that we have reported (Newcomb and
Gellman, 1994a). Our experiments involved the spectro-
scopic examination of compounds 1-5 in aqueous solution
(Fig. 1). Based on earlier work with related compounds
(Leonard, 1979), we expected bis-adenine compound 1 to
be partially stacked in water at room temperature. This
stacking was detected via 1H NMR (Newcomb and Gell-
man, 1994a): the two adenine ring protons of compound 1
are shifted upfield relative to the analogous resonances of
compound 2 (AS = -0.27 for H2 and -0.14 for H8). In
contrast, we could not detect a significant difference be-
tween dinaphthyl compound 3 and mononaphthyl com-
pound 4 for any of the seven naphthyl ring protons (AS -
0 in each case). We therefore concluded that compound 3
does not experience significant naphthyl-naphthyl stacking
in aqueous solution. If the dominant driving force for ade-
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nine-adenine stacking in compound 1 arose from a classical
hydrophobic effect and/or dispersion, we would have ex-
pected dinaphthyl compound 3 to display at least as much
stacking as compound 1. Based on these model studies, we
concluded that adenine-adenine stacking in compound 1,
and by extrapolation, in DNA and RNA, is predominantly
driven by some type of polar interaction rather than by the
hydrophobic effect or dispersion.
Friedman and Honig (1995) were cognizant of our find-
ings, but, based on their own inspection of spectra that
accompanied our report (Newcomb and Gellman, 1994b),
they concluded that "there is evidence for naphthalene
stacking in water." Specifically, Friedman and Honig
(1995) suggested that "pronounced line broadening" in the
spectrum of dinaphthyl compound 3 was indicative of stack-
ing. Here we provide new 1H-NMR data for compound 3
and reference compound 4. These data show that the line
broadening noted by Friedman and Honig (1995) is an
artifact of previous spectral acquisition conditions. The new
data are consistent with our original interpretation, and
therefore support our conclusion that neither the hydropho-
bic effect nor dispersion are dominant forces in base
stacking.
Fig. 2 compares aromatic region 'H-NMR data for com-
pounds 3 and 4 in D20 at room temperature. The lines are
narrow in both spectra, and only very small variations
(A5 ' 0.014 ppm) among individual resonances are ob-
served between the two spectra. (This conclusion is based
on the assumption that the order of resonances along the
ppm axis is identical for compounds 3 and 4. We further
assume that the resonance at 7.911 ppm for compound 4
corresponds to the two resonances at 7.908 and 7.897 for 3,
which is consistent with the results of integration.) These
data were obtained on a 500-MHz spectrometer; our previ-
ous data (Newcomb and Gellman, 1994b) were obtained on
a 270-MHz spectrometer. Because compound 3 must be
examined at low concentration, analysis at 270 MHz re-
quired the collection of >10,000 scans, which in turn re-
quired - 12 h. The line broadening observed in our original
data for compound 3 (Newcomb and Gellman, 1994b) may
have stemmed from imperfect temperature control during
the acquisition period, leading to drift in the lock signal. The
500-MHz data for compound 3 (Fig. 2) required only 512
scans. For data collected with dilute samples at 270 MHz,
we have previously reported that the uncertainty in A5 is +
0.02 ppm (Newcomb et al., 1995). The AS uncertainty in the
500-MHz data is obviously much smaller (Fig. 2), and these
more precise data reveal that within the 270-MHz uncer-
tainty limits, it was correct to conclude that there was no
significant upfield shifting of any aromatic proton in com-
pound 3 relative to the analogous proton in compound 4
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FIGURE 1 Compounds 1-5.
(Newcomb and Gellman, 1994a). Neither the spectral ac-
quisition conditions nor the AS uncertainties were provided
in our first report (Newcomb and Gellman, 1994a,b), which
may have led to ambiguities in the interpretation of the
original data.
Our original conclusion that there is no significant naph-
thyl-naphthyl stacking in compound 3 is supported by the
new NMR data: the aromatic proton resonances of com-
pounds 3 and 4 are very similar (Al < 0.02). In contrast, all
aromatic protons of diadenine compound 1 and of adenine-
naphthyl compound 5 are shifted upfield by > 0.10 ppm
r r r - El-r r r .F r . N r F
relative to the analogous protons of control compounds 2
and 4. The small differences in resonance positions ob-
served for compound 3 relative to compound 4 include both
upfield and downfield shifts, whereas only upfield shifts are
observed for compounds 1 and 5 relative to compounds 2
and 4.
If there were significant naphthyl-naphthyl stacking in 3,
we would expect to detect this intramolecular proximity by
1H NMR. The fact that the resonances of the adenine ring
protons of diadenine compound 1 and of adenine-naphthyl
compound 5 are shifted upfield to nearly the same extent,
relative to monoadenine compound 2, suggests that stacked
adenine and naphthyl groups exert comparable upfield
shifts, unless the degree of stacking in compound 5 is much
greater than in 1. Further evidence of the naphthyl group's
ability to cause upfield 1H-NMR shifts is found in our
examination of dinaphthyl compounds with four-atom link-
ers (Newcomb et al., 1995) and in our study of cyclophanes
in which pairs of aromatic rings are more rigidly juxtaposed
than in compound 3 (Schladetzky et al., 1995). Therefore, it
seems unlikely that significant NMR-invisible stacking oc-
curs in 3.
Our results cast doubt on Friedman and Honig's conclu-
sion that the drive for base stacking results largely from the
hydrophobic effect and dispersion, even though Friedman
and Honig (1995) did not perform calculations on our
compounds or on any naphthalene-containing molecules.
Identifying the source of the contradiction between our two
sets of conclusions should provide insight on the origin of
nucleotide base stacking proclivities and on the best meth-
ods for modelling such stacking experimentally and com-
putationally.
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FIGURE 2 Aromatic region 'H-NMR spectra of compounds 3 (0.5 mM) and 4 (1.8 mM) in D20 at 24°C. Both spectra were acquired on a Varian Unity
500-MHz spectrometer equipped with a 5-mm 1H/19F probe. The HOD peak was presaturated before data acquisition, and 512 scans were acquired in each
case. No line broadening was applied in the processing of the data. Spectra were referenced externally to a 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid,
sodium salt standard.
8.0 7.9 pp.
-. I I I
3524 Biophysical Journal
Friedman and Honig Response to Letter to the Editor 3525
This work was supported by the National Science Foundation (CHE-
9622653).
We thank Professor Barry Honig for enlightening correspondence.
S. H. Gellman, T. S. Haque, and L. F. Newcomb
Department of Chemistry, University of Wisconsin
Madison, Wisconsin
REFERENCES
Albergo, D. D., and D. H. Turner. 1981. Solvent effects on the thermody-
namics of double-helix formation in (dG-dC)3. Biochemistry. 20:
1413-1418.
Bugg, C. E., J. M. Thomas, M. Sundaralingam, and S. T. Rao. 1971.
Stereochemistry of nucleic acids and their constituents. X. Solid-state
base-stacking patterns in nucleic acid constituents and polynucleotides.
Biopolymers. 10:175-219.
Caillet, J., and P. Claverie. 1975. Theoretical evaluation of the intermo-
lecular interaction energy of a crystal: application to the analysis of
crystal geometry. Acta Cryst. A31 :448-461.
Crothers, D. M., and D. I. Ratner. 1968. Thermodynamic studies of a
model system for hydrophobic bonding. Biochemistry. 7:1823-1827.
Friedman, R. A., and B. Honig. 1995. A free energy analysis of nucleic
acid base stacking in aqueous solution. Biophys. J. 69:1528-1535.
Hanlon, S. 1966. The importance of London dispersion forces in the
maintenance of the deoxyribonucleic acid helix. Biochem. Biophys. Res.
Commun. 23:861-867.
Leonard, N. L. 1979. Trimethylene bridges as synthetic spacers for the
detection of intramolecular interactions. Acc. Chem. Res. 12:423-429.
Newcomb, L. F., and S. H. Gellman. 1994a. Aromatic stacking inter-
actions in aqueous solution: evidence that neither classical hydro-
phobic effects nor dispersion forces are important. J. Am. Chem. Soc.
116:4993-4994.
Newcomb, L. F., and S. H. Gellman. 1994b. Aromatic stacking interactions
in aqueous solution: evidence that neither classical hydrophobic effects
nor dispersion forces are important. J. Am. Chem. Soc. 116:4993-4994
(supplementary material).
Newcomb, L. F., T. S. Haque, and S. H. Gellman. 1995. Searching for
minimum increments of hydrophobic collapse: flexible dinaphthyl car-
boxylates. J. Am. Chem. Soc. 117:6509-6519.
Sarai, A., J. Mazur, R. Nussinov, and R. L. Jernigan. 1988. Origin of DNA
helical structure and its sequence dependence. Biochemistry. 27:
8498-8502.
Schladetzky, K. D., T. S. Haque, and S. H. Gellman. 1995. Structural
characterization of thiocyclophanes that promote edge-to-face aromatic-
aromatic geometries. J. Org. Chem. 60:4108-4113.
Sowers, L. C., B. R. Shaw, and W. D. Sedwick. 1987. Base stacking and
molecular polarizability: effect of a methyl group in the 5-position of
pyrimidines. Biochem. Biophys. Res. Commun. 148:790-794.
Tazawa, I., T. Koike, and Y. Inoue. 1980. Stacking properties of a highly hydro-
phobic dinucleotide sequence, N6,N6-dimethyladenylyl(3'->5')N6,N6-
dimethyladenosine, occurring in 16-18S RNA. Eur. J. Biochem. 109:33-38.
Ts'o, P. 0. P., editor. 1974. Bases, nucleosides, and nucleotides. In Basic
Principles of Nucleic Acid Chemistry. Academic Press, New York.
454-584.
Ts'o, P. 0. P., N. S. Kondo, R. K. Robins, and A. D. Broom. 1969.
Interaction and association of bases and nucleosides in aqueous solu-
tions. VI. Properties of 7-methylinosine as related to the nature of the
stacking interaction. J. Am. Chem. Soc. 91:5625-5631.
Response to S. H. Gellman, T. S. Haque, and L. F. Newcomb
The experiments of Gellman and co-workers described in
the preceding paper (Gellman et al., 1996) and in earlier
work (Newcomb and Gellman, 1994a,b) provide an inter-
esting approach to the problem of parsing the various free
energy contributions to base stacking. Implicit in the logic
of the experiments is that the chemical shifts due to naph-
thyl-naphthyl (compound 3), naphthyl-adenine (compound
5), and adenine-adenine (compound 1) stacking are approx-
imately equal. Given this assumption, the observation that
naphthyl-naphthyl stacking clearly produces smaller shifts
than in the other two molecules, each of which contains at
least one polar ring system, leads Gellman et al. (1996) to
conclude that hydrophobic interactions do not drive base
stacking and, rather, that polar interactions are implicated.
This clearly contradicts our study, which argues that be-
cause of desolvation effects polar interactions oppose base
stacking, whereas nonpolar interactions drive ring systems
to aggregate (Friedman and Honig, 1995). However, the
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assumption that the chemical shifts produced by stacking in
each of the three compounds are equal is unlikely to be
correct. Indeed once the different sources of the chemical
shift expected from stacking in compounds 1, 3, and 5 are
considered, the measurements of Gellman and co-workers
may actually support our theoretical calculations.
As naphthyl groups are nonpolar, ring-current effects
presumably are responsible for the chemical shifts in com-
pound 3 relative to compound 4. The magnitude of the shift
depends on the unknown relative orientation and distance of
the two rings in the stacked conformation. When one of the
stacked moieties is polar (adenine in this case) another
factor needs to be taken into account. Specifically, it is well
known that polar molecules undergo large changes in dipole
moment on transfer from polar to nonpolar solvents (be-
cause of changes in the reaction field of the solvent). More-
over, the change in dipole moment is proportional to the
original dipole moment. Stacking of an adenine against
either another adenine or a naphthyl group effectively re-
moves solvent from one face of the ring and will inevitably
lead to a reduction in the adenine dipole moment. This
should result in significant chemical shifts because the
charge distribution near each nucleus would be affected.
Determining the relative magnitudes of dipole-moment
changes and ring-current effects as well as their dependence
on stacking geometry is essential if the data of Gellman and
co-workers are to be interpreted properly. In the absence of
